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Abstract: U-Pb dating by LA ICP-MS is one of the most popular and successful isotopic techniques
available to the Earth Sciences to constrain timing and rates of geological processes thanks to its high
spatial resolution, good precision (absolute U/Pb age resolution of ca. 2%, 2s), rapidity and relative
affordability. The significant and continuous improvement of instrumentation and approaches has
opened new fields of applications by extending the range of minerals that can be dated by this method.
Following the development and distribution to the community of good quality reference materials in
the last decade, rutile U-Pb thermochronology (with a precision only slightly worse than zircon) has
become a commonly used method to track cooling of deep-seated rocks. Its sensitivity to mid- to
low-crustal temperatures (~450 ◦C to 650 ◦C) is ideal to constrain exhumation in active and ancient
orogens as well as thermal evolution of slow-cooled terranes. Recrystallization and secondary growth
during metamorphism and the presence of grain boundary fluids can also affect the U-Pb isotopic
system in rutile. A growing body of research focusing on U-Pb dating of rutile by LA ICP-MS is
greatly improving our understanding of the behavior of this mineral with regards to retention of
radiogenic Pb. This is key to fully exploit its potential as a tracker of geological processes. The latest
developments in this field are reviewed in this contribution. The combined application of U-Pb
zircon and rutile chronology in provenance studies, particularly when complemented by lower-T
thermochronometry data, allows the isotopic characterization of the sources across a wide range of
temperatures. The benefits of applying detrital zircon-rutile U-Pb chronology as a coupled provenance
proxy are presented here, with a focus on the Eastern Himalayan-Indo-Burman region, where a
growing number of successful studies employs such an approach to help constrain river drainage
and basin evolution and to infer feedback relationships between erosion, tectonics and climate.
Keywords: rutile; zircon; LA ICP-MS; U-Pb thermochronology; cooling; exhumation; sediment
provenance; Eastern Himalaya; Burma; Bengal Fan
1. Introduction
The last couple of decades has witnessed an exponential growth of the number of publications
presenting U-(Th)-Pb data [1]. Such a spread has been fueled by continuous improvement of the isotopic
dating techniques available to the Earth Sciences, namely: chemical abrasion isotope dilution-thermal
ionization mass spectrometry (CA-ID-TIMS [2,3]), secondary ion mass spectrometry (SIMS [4]) and
laser ablation inductively coupled plasma mass spectrometry (LA ICP-MS [5]). These employ different
analytical set-ups and offer variable degrees of age and spatial resolution (see a detailed review and
comparison of these techniques in [6]).
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Understanding the advantages as well as the limitations of the available dating techniques
(particularly in terms of age and spatial resolution) is key in order to define the best-suited analytical
strategy to address specific geological questions. Since all geological samples contain some age
variation, the dating method of choice must be appropriate to resolve the temporal and spatial scale of
the natural variations. With this in mind, the reader is referred to the detailed assessment of precision
and accuracy in geochronology by Schoene and colleagues ([7], in particular their Figures 1 and 2).
In LA ICP-MS analysis, a flat surface of the solid sample is ablated with a pulsed laser in
a gas-tight chamber, producing an aerosol that is transported in a carrier gas (usually helium,
with addition of argon and nitrogen to enhance signal stability and sensitivity, respectively) to an
inductively coupled argon plasma, which vaporizes and converts the particles to ions. The ions
are separated in the mass spectrometer based on their mass-to-charge ratio by means of a mass
analyzer and quantified by a detector ([5,8] and references therein). A limiting factor of the LA ICP-MS
technique is the need for natural matrix-matched, homogeneous in age and well-characterized reference
materials. The matrix-dependent U/Pb isotope ratio fractionation occurring during the ablation [9–11]
requires compositional and structural homogeneity between sample and reference materials to obtain
appropriate calibrations. It follows that LA-ICP-MS dates can only be as good as the homogeneity of
the reference materials, the accuracy and precision to which such material is known, as well as the
stability of the system during analysis [6].
The advantages of the LA ICP-MS technique are: fast sampling of the target mineral phase,
high lateral spatial resolution and precise isotopic ratio measurement. Mineral grains can be separated
from the host rock and subsequently mounted in epoxy resin discs and polished to expose their interior
(single grain analysis) or ablated in polished petrographic thin sections (in situ analysis sensu stricto,
cf. [6]) when it is desirable to preserve the original textural context. Typical laser spot diameters range
from 5–10 to 30–50 µm depending on mineral type and initial U concentration. Currently, LA ICP-MS
routinely achieves precision of ~2% (2s) for U-Pb [6,12], which is suitable for the large majority of
bedrock and detrital studies. CA ID-TIMS is the technique that allows the highest U-Pb age resolution
(≤0.1% precision and accuracy at the 2s level of uncertainty). However, the spatial resolution of this
method is limited and sample preparation (consisting of acid digestion of the sample and chemical
separation of the desired elements) and analysis are time-consuming ([6]). In the case of zoned crystals,
micro-sampling (by micro-drilling) has been employed to target intra-crystal age domains. Compared
to LA ICP-MS, SIMS offers excellent spatial resolution (sub-µm in depth profiling), absolute U-Pb age
precision of 1–2% (2s) and is the least destructive of the three methods thanks to its high sensitivity
(useful yield). However, SIMS involves a relatively long analysis duration of at least several minutes
versus ~30–40 s of laser ablation analysis. Consequently, SIMS is the optimal technique to use for small
volume or valuable samples that cannot be destroyed, whereas LA ICP-MS is much better suited for
high throughput detrital samples ([6]).
In light of the features described above and the rapidity and relative affordability of the technique,
an impressive amount of U-(Th)-Pb data is currently collected by LA ICP-MS at a very fast pace
in many active laboratories worldwide. This has favored and in turn benefited from continuous
instrumentation and methodology development [13]. A range of laser systems characterized by
different wavelengths and pulse widths can be variably coupled with quadrupole (Q-), single-collector
sector-field (SC-SF-) or multi-collector (MC-)ICP-MS instruments. The resulting range of different
analytical set-ups, acquisition methodologies and data processing approaches requires a common
effort from the LA ICP-MS U-(Th)-Pb scientific community to ensure best practice in handling and
interpretation of the data [14].
Historically, the most targeted mineral by LA U-Pb studies is zircon (ZrSiO4), a refractory
and widespread accessory mineral in crustal rocks. Zircon contains moderate concentrations of U
and Th (typically tens to thousands of ppm) and can accommodate significant amounts of trace
elements (e.g., Rare Earth Elements, Y, Ti, Sc, Nb, and Hf), while Pb2+ is not incorporated into
growing zircon crystals at more than ppb levels under most conditions resulting in negligible initial
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(i.e., non-radiogenic, or “common”) Pb content ([15,16]). Within a single zircon crystal, different growth
zones associated with distinct trace element chemical composition can be preserved. These can be
revealed by means of back-scattered electron (BSE) or cathodoluminescence (CL) imaging [17–20]
prior to the LA work (Figure 1). Such preliminary microtextural analysis is key to guide the selection
of the laser ablation spot locations and to avoid sampling of mixed domains resulting in discordant,
geologically meaningless dates.
Since the pioneering studies of Feng et al. [21], Fryer et al. [22] and Hirata and Nesbitt [23],
U-Pb geochronology of zircon by LA ICP-MS has paved the way for ground-breaking research
applications in the Earth Sciences thanks to the versatility of zircon not only as a time-keeper of
multiple geological events but also as a tracer of past geological processes and crustal evolution
as recorded in its trace element and isotopic (oxygen, Lu-Hf ) composition ([15] and references
therein). Petrochronology approaches [24] maximize the recovery and exploitation of such a wealth of
compositional (s.l.) information in conjunction with age determination. An effort in this direction has
driven the development of laser ablation split-stream ICP-MS (LASS-ICP-MS) analysis, which permits
the simultaneous determination of isotopic dates combined with elemental abundances and/or isotopic
tracers by splitting the sample aerosol between two different ICP instruments [25].
Along with zircon, a range of other accessory minerals can presently be dated by LA ICP-MS
(e.g., monazite, xenotime, baddeleyite, titanite, rutile, apatite, and allanite) as well as rock forming
minerals such as calcite and aragonite ([13], and references therein).
Rutile, the most common polymorph of TiO2, is a widely distributed accessory mineral in medium-
to high-grade metamorphic rocks and is particularly widespread in eclogites [26]. The common high
concentrations of High Field Strength Elements (particularly, Nb and Ta [27]) in rutile allow insight
into rock forming conditions and discrimination between different source lithologies. Rutile can also
form at lower metamorphic grade, as a primary accessory mineral of granites and carbonatites, in
metallic ore deposits and in quartz veins (see review in [26]). Uranium can be easily accommodated
in the crystalline structure of rutile due to the comparable ionic radius and charge to Ti4+, although
usually at a lower concentration than in zircon, from as low as ~0.01 ppm to ~100 ppm. As others
pointed out previously [28,29], it is a widespread misconception that rutile is generally rich in common
Pb. The difficulties in U-Pb dating rutile can rather lie in unfavorably high common to radiogenic Pb
ratios in the case of low U content. The concentration of Th in rutile is generally negligible. The Zr
content of rutile crystallized in a zircon-saturated environment is dependent on temperature [30–33].
Similarly, the Ti content of zircon is T-dependent [31,34], allowing the application of Zr-in-rutile and
Ti-in-zircon geo-thermometers to the study of metamorphic and igneous rocks (e.g., [35–38]).
Both zircon and rutile are resistant to chemical and physical breakdown, hence they tend to be
preserved as detrital grains (Figure 1a,b) during the various stages of the sedimentary cycle (including
burial diagenesis, see Figure 13 of [39]) which makes them ideal provenance proxies. For their high
density (respectively, 4.6–4.7 and 4.23–5.5 g/cm3 [40]) and diamagnetic nature (although rutile can
contain Fe in relatively high proportion) zircon and rutile from the same rock can be recovered
together in the “non-magnetic” heavy mineral fraction following the application of standard mineral
separation techniques.
This study: (i) reviews progress made in the last decade in the field of rutile U-Pb chronology by
LA ICP-MS following the characterization and distribution to the scientific community of natural rutile
reference materials; (ii) shows how the U-Pb analysis of zircon and rutile from the same bedrock sample
(or cogenetic samples) constrains the thermal and geological evolution in a much more revealing
manner than zircon alone; and (iii) emphasizes the benefits of applying detrital zircon-rutile U-Pb
chronology as a coupled provenance proxy, with examples from the Eastern Himalayan-Indo-Burman
region. The term “coupled” is used in this manuscript to refer to the combined application of the same
isotopic technique (U-Pb dating) to zircon and rutile grains from the same sample. It does not imply a
co-genetic nature of the two minerals, which may have derived from distinct sources. The different
Geosciences 2019, 9, 467 4 of 29
response of zircon and rutile to thermally-activated Pb volume diffusion and the resulting contrasting
geological significance of zircon and rutile U-Pb dates are addressed in Section 3.Geosciences 2019, 9, x FOR PEER REVIEW 4 of 29 
 
 
Figure 1. Images of zircon and rutile grains. (a) Photomicrograph of polished zircon grains separated 
from Himalayan-derived modern sand detritus (Mo Chu River, Bhutan). (b) Rutile grains separated 
from sand detritus of the Nanyiqu River, Eastern Himalaya. Note the wide range in color exhibited 
by the grains, the uneven fracture and the high surface reflectivity (adamantine luster), which is 
typical of rutile, a consequence of the high refractive index of the mineral. (c) Reflected light optical 
microscopy image of polished R632 [41] rutile grains. (d) Rutile grains separated from Sugluk-4 
granulite facies quartzite. (e,f) Optical microphotographs of Sugluk-4 rutile (polarized and crossed 
polarized light, respectively). (g,h) SEM-CL images showing an example of the complexity and 
variety of zircon microtextures observed in individual sandstone samples from the Surma Basin, 
Bangladesh (respectively, from the Pleistocene Dupi-Tila Formation and the Early Miocene Bhuban 
Formation [42]). (i,l) SEM-BSE images showing the lack of zoning in Sugluk-4 and PCA-S207 rutiles, 
respectively. Note typical laser ablation pits of 50 μm in diameter in (l). White bars are 200 μm in all 
images.  
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The first applications of rutile U-Pb chronology by ID-TIMS date back to more than three 
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technique (e.g., [48–54]). Microbeam dating (by SIMS and LA ICP-MS) lagged behind primarily due 
to the lack of well-characterized and high-quality natural reference materials necessary for calibration 
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2. Rutile Reference Materials for LA ICP-MS U-Pb Dating
The first applications of rutile U-Pb chronology by ID-TIMS date back to more than three decades
ago [43–47]. These were followed by a large number of studies employing the same technique
(e.g., [48–54]). Microbeam dating (by SIMS and LA ICP-MS) lagged behind primarily due to the
lack of well-characterized and high-quality natural reference materials necessary for calibration of the
analytical method. The first microbeam studies (which employed a SHRIMP, Sensitive High Resolution
Ion MicroProbe, a LA multi-collector-ICP-MS or a LA quadrupole-ICP-MS) used an in-house rutile
reference material [55], a NIST glass [56] or a zircon reference material [57].
The desired qualities in a primary reference material for U-Pb LA ICP-MS dating are isotopic
homogeneity, moderate to high U content (at least tens of ppm to facilitate measurement of the radiogenic
Pb isotope signals), negligible initial Pb content (i.e., Pb either introduced during laboratory work
or naturally incorporated in the mineral during crystallization [1]) and abundant sample availability
for distribution to the scientific community. A thorough chemical and isotopic characterization of
each reference material is necessary prior to its distribution and use. The availability of a range of
reference materials with variable U content and age facilitates the correction of matrix-dependent
isotopic fractionation in unknowns and the validation of the data, particularly for detrital samples in
which a wide range of dates can be expected.
Luvizotto et al. [58] and Zack et al. [28] chemically and isotopically characterized two cm-sized
monocrystalline natural rutiles: R10 (~1090 Ma) from Gjertsad, South Norway and R19 (~489 Ma) from
Blumberg, Adelaide, Australia. The LA U-Pb dating approach of Zack et al. (2011) employed a LA
quadrupole-ICP-MS, a laser beam diameter between 50 and 90 µm and pre-selection of rutile grains
based on their U-content, discarding grains with <5 ppm U due to the difficulties of measuring low Pb
signals. Within-run reproducibility for the Pb/Pb and U/Pb ratios of R10 was reported to be within 3.5%
(2RSD). Zack and coauthors applied a 208Pb-based common-Pb correction to samples based on the
assumption that radiogenic 208Pb in rutile is negligible due to generally very low Th concentration in
rutile. ID-TIMS U-Pb data of R10 uncorrected for common Pb indicate a variable common Pb content
in this rutile material [58]; Figure 4e of Bracciali et al. [59]. Chew et al. [60] implemented in the data
reduction software package Iolite ([61]) an approach to facilitate the use of primary reference materials
with variable, non-negligible common-Pb. This undertakes a common Pb correction using the 204Pb,
207Pb or 208Pb(no Th) method for the specified initial Pb isotope composition(s). R10 is unsuitable for
laboratories that do not or prefer not to measure 204Pb and/or 208Pb, or that in general prefer not to
apply a common Pb correction to the primary reference material. The overall chemical homogeneity
and high trace element concentrations of R10 (particularly Zr) favor its use as a reference material
for trace element analysis (cf. additional trace element data and discussion in [41]). A second rutile
crystal (R10b) was U-Pb dated by a SIMS technique using an O2+ primary ion beam coupled with
surficial O2 gas deposition and found to be indistinguishable to R10 within the limits of the microbeam
precision [62]. Rutiles R10 and R10b have been distributed to the scientific community and are widely
used as primary reference materials for U-Pb dating and trace element analysis.
Bracciali et al. [59] proposed as potential reference materials for U-Pb dating two natural rutiles
from granulite facies belts of the Canadian Shield, respectively, from the northern Cape Smith Belt of
Quebec and the Snowbird Tectonic Zone, Saskatchewan (Sugluk-4, ~1719 Ma and PCA-S207, ~1865 Ma).
ID-TIMS and long-term LA multicollector-ICP-MS U-Pb data of Sugluk-4 show isotopic homogeneity
suitable for the two rutiles to be used as reference materials. Conversely, both rutiles show significant
intra- and inter-grain trace element chemical variability [41,59], reflecting the detrital origin of their
granulite protoliths. The low common Pb content and long-term LA MC ICP-MS reproducibility
of (Pbc-uncorrected) Sugluk-4 206Pb/238U and 207Pb/206Pb ratios (2–4%, 2RSD, only slightly greater
than long-term data for zircon reference materials analyzed within the same timeframe) allow its use
as a primary reference material for U-Pb dating without the requirement for correction of common
Pb. The approach by Bracciali et.al. [59] permitted dating of ~90% of rutiles in a sediment using a
35–50 µm laser ablation spot-size within samples containing rutile as young as 10–20 Ma, thus obviating
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the requirement for U concentration pre-screening and reducing or eliminating rutile selection bias.
Unsuccessful analyses were due to poor quality rutiles with predominant common Pb, 207Pb signal
below detection, or U content below ~1–2 ppm. Bracciali and co-authors applied the “207Pb-method”
using the Tera–Wasserburg diagram to correct for substantial common Pb in individual detrital grains,
under the assumption that the only contribution to the offset from concordance was common Pb.
Rutiles Sugluk-4 and PCA-S207 have been distributed worldwide to analytical laboratories to be used,
respectively, as primary and secondary reference material for U-Pb dating.
A recently developed natural reference material is rutile R632 (~496 Ma [41]) from anorthitic
to phlogopitic metasomatites exposed along the Sakena River in southern Madagascar in which
rutile occurs as up to 1 mm xenoblasts. In addition to ID-TIMS, Axelsson et al. [41] collected LA
single collector-sector field-ICP-MS and LA quadrupole-ICP-MS U-Pb data (using a 90 or 35 µm laser
spot-size). Within the level of precision allowed by microbeam methods, rutile R632 proved chemically
and isotopically homogeneous, with low common Pb content and high concentrations of Zr (in excess
of 4000 µg/g) and U (200–300 µg/g; cf. the U content of R10, ~30–40 µg/g and Sugluk-4, ~30–100 µg/g).
For these features, rutile R632 is a suitable reference material for calibration of trace element analysis
as well as U-Pb dating.
Importantly, high precision ID-TIMS dating highlighted heterogeneities in the U-Pb systematics
of all rutiles currently used as primary reference materials (R10, Sugluk-4, R632). Such variability in
Sugluk-4, further confirmed by long-term LA ICP-MS data (~500 analysis over a period of two years),
is interpreted to reflect real geological scatter and ascribed to slow cooling and related diffusion, which
inevitably induces some intra-grain and inter-grain age variation [59]. Axelsson et al. [41] suggested
differences in the closure temperature of the differently sized rutile grains or local alteration for the
cause of the scatter observed in rutile R632. The significance of rutile U-Pb dates in relation to volume
diffusion of Pb as a function of temperature and crystal size is addressed in detail in Section 3.1.
3. Contrasting Geological Significance of Coexisting Zircon and Rutile U-Pb Dates
3.1. Retentivity of Radiogenic Pb in Zircon and Rutile
In volume diffusion-controlled thermochronology, the concentration of radiogenic Pb within a
U- (and Th-)bearing mineral phase reflects the competition between diffusive loss and radiogenic
production of Pb isotopes continuously produced by their naturally decaying parents [63,64]. The rate
of diffusive loss exceeds the rate of production at high temperatures, and vice versa at low temperatures,
i.e., all radio-isotopic systems are subject to resetting at sufficiently high temperatures [65]. The notion
of closure temperature (Tc) was introduced to define the boundary of the closed-system vs. open-system
behavior, resulting in radiogenic daughter retention (below Tc) or loss (above Tc). Dodson [63] defined
Tc as “the T of a system at the time given by its apparent age” and derived an analytical solution to
calculate it.
Bulk (or whole grain) thermochronology involves assigning nominal Tc to volume-averaged
mineral analyses, hence relating a discrete time-constraint (a date) to a certain temperature (e.g., [66–68]).
Tc assumes monotonic cooling and that the effective diffusion radius is the entire grain.
Zircon and rutile generally exhibit remarkably different behavior with regards to retention of
radiogenic Pb produced following mineral formation.
Primary zircon can form in high- to low-temperature geological environments and through a
variety of processes. In addition to crystallization from igneous melts (typically at temperatures
between ~600 and 900 ◦C [69]), the mineral can form in various metamorphic settings from diagenesis
at <100 ◦C (as tiny and delicate, hardly preserved, overgrowths) to high-grade facies metamorphism.
Such growth in the metamorphic realm involves fluid-assisted zircon replacement and modification,
crystallization from a Zr-saturated partial melt during anatexis or breakdown of other Zr-bearing
mineral phases in response to prograde or—most often—retrograde metamorphic reactions [70,71].
Zircon can also precipitate from hydrothermal fluids at temperatures around 300 ◦C in ore-forming
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systems [72]. Notably, zircon growth generally occurs below the diffusional Tc of Pb in zircon, i.e.,
at temperatures where Pb diffusion rates are negligibly slow at geological scales. Both experimental
studies and empirical studies point to quite high Tc for Pb in zircon (~900 ◦C), considerably in excess
of Tc for other accessory minerals, with the exception of monazite [73,74]. Unless compromised
by metamictization or low-temperature dissolution–precipitation (causing Pb loss and discordance),
concordant zircon U-Pb dates are thus generally interpreted as formation ages.
In contrast to zircon, volume diffusion of Pb in rutile is effective at temperatures characteristic
of the mid- to lower crust. The temperature below which radiogenic Pb is retained in rutile is lower
than Tc in zircon by ~300–400 ◦C [46,75]. A schematic comparison of experimentally determined
whole-grain closure temperatures of Pb in zircon, rutile and other accessory minerals [74] is given in
Figure 2. As an example, experimental studies on diffusion coefficients in synthetic and natural rutiles
predict a whole-grain Tc for Pb diffusion of 620 ◦C for a spherical rutile of 200 µm and a cooling rate of
1 ◦C/Myr [75]. Smye et al. [76] reviewed laboratory and field-based estimates of Pb diffusivity through
rutile and recalculated diffusivity from previously published empirical data [46,56,77] using a forward
modeling procedure (see Figure 3 in Smye et al. [76] and discussion for further details). The resulting
estimates of Pb diffusivity from the empirical studies were not only internally consistent but also
in excellent agreement with the experimental results of Cherniak [75] between 650 and 750 ◦C, thus
reconciling a seeming disagreement between experimental and empirical estimates for Pb diffusion
in rutile.Geosciences 2019, 9, x FOR PEER REVIEW 7 of 29 
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Figure 2. Bulk experimental closure temperatures of Pb in zircon, rutile and other accessory minerals
as a function of diffusion ratios for a cooling rate of 10 ◦C/Myr, calculated by Cherniak and Watson [74]
employing Dodson’s closure temperature equation [63]. Broad temperature ranges for main igneous
and metamorphic events are plotted in the background for comparison. Note the logarithmic scale
for the x-axis. Modified after [74], see this reference for data sources. Reproduced with permission
from the Mineralogical Society of America. The figure has been slightly modified, but includes all the
information and details from the original figure.
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For crystals of different size within the same slow-cooled terrane, thermally-activated volume
diffusion induces a positive correlation between individual (bulk) U-Pb rutile dates and size of the
crystals [46]. This is caused by Pb volume diffusion behavior inducing age gradients within single grains
as a result of partial retention of radiogenic Pb and diffusion length’s scale dependency (e.g., [56,77]),
similar to that observed for other isotopic systems and minerals (e.g., [78]). In other words, Tc varies
across the crystal since radiogenic Pb produced within the core of large grains has a physically longer
distance to travel than the Pb produced at the rim of the grain (Figure 3b–d).Geosciences 2019, 9, x FOR PEER REVIEW 8 of 29 
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Figure 3. (a) Modeled temperature-depth evolution of three rock samples exhuming from different
depths (37.5, 30 and 22.5 km). Erosion/exhumation rate: 1 km/Myr; grey lines: geotherms plotted
at 4 Myr intervals. Modified after [76], see this paper for further details on thermal model and Pb
diffusion parameters used in the calculations. (b–d) Calculated 206Pb/238U date profiles for single rutile
grains in each of the three rocks shown in (a) after 50 Myr of erosion. Note that the whole-grain date
for each profile corresponds to an average of the core-to-rim profile. Reproduced with permission from
Elsevier. All the information and details are from the original figure.
The notion of “partial retention zone” (PRZ) more comprehensively describes the T-, size- and
geometry-dependent open-system versus closed-system behavior of radiogenic daughter isotopes.
The PRZ is “the region of T(t) space in which the rate of diffusive loss is comparable to the rate of
radiogenic production” (see review in [76]). The extent of the PRZ depends on diffusivity as defined
by the Arrhenius law, the cooling rate (hence the crustal setting) and the length scale of Pb diffusive
transport through the mineral grain (see Figure 8 of Blackburn et al. [79]). Within the same slow-cooling
terrane, the shallowest samples cool quickly through the Pb partial retention zone, yielding old
whole-grain dates while the deepest samples reside for a longer time at temperatures that are initially
too hot for Pb retention in rutile thus yielding younger dates (Figure 3). Conversely, fast-cooling rates
condense the value of diffusivity that may yield partial retention behavior and limit the effects of PRZ
residence (with little to no differences between large and small grains).
To resolve potential intra-grain variations as a function of depth into the crystal’s interior, age
depth-profiling was developed. This approach consists of sampling the mineral at sub-micron
intervals by means of SIMS as well as continuously pulsed or single-pulse LA ICP-MS techniques [80].
The numerical inversion of U-Pb rutile date profiles allows the recovery of near-continuous thermal
history information from rocks of the middle to lower crust [76].
In addition to thermally-activated volume diffusion, other non-diffusive Pb intragrain transport
mechanisms such as recrystallization and secondary growth during metamorphism and the presence
of grain boundary fluids of variable chemical composition can affect the U-Pb isotopic system in
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rutile and other accessory phases including zircon and monazite (e.g., [77,81]). As re-crystallization
involves re-ordering of disordered portions of the crystal lattice, it can promote loss of incompatible
elements including radiogenic Pb. Disturbance to the U-Pb isotopic composition of rutile associated
with diagenetic processes has also been suggested to occur in rutile (e.g., [82]). Additionally, even in
the case of pure Pb diffusive behavior, a mineral enclosed within another phase of limited diffusivity
(e.g., garnet) can be subjected to armoring effects limiting or preventing the diffusion of the radiogenic
isotopes in response to a thermal event ([67] and references therein).
When applying depth-profiling, caution must be exercised to ensure that measured core-rim
radiogenic Pb concentration profiles are diffusive in nature and not influenced by other processes such
as recrystallization, secondary growth, occurrence of inclusions or exsolution lamellae of other mineral
phases such as Fe-oxides and zircon. In this regard, microtextural observations and trace element
analysis can help to discriminate between diffusive and non-diffusive Pb transport mechanisms in
accessory phases ([76,83]).
Whole-grain and depth profiling volume-diffusion controlled U-Pb thermochronology of rutile
are powerful isotopic tools to constrain cooling following medium-high temperature thermal events
related to a wide range of processes such as burial, thrusting, rifting or magmatism. Thus rutile, similar
to other minerals whose isotopic systems are sensitive to mid- to low-crustal temperatures (~450 ◦ to
650 ◦C, i.e., corresponding to crustal depths in cratonic regions of ~20 to 50 km), can serve as a U-Pb
thermo-chronometer and is therefore widely used to estimate duration or rates of crust exhumation
(e.g., [84–87]). On the other hand, zircon (similar to other minerals generally forming at temperatures
lower than the closure temperature of the isotopic system of interest) is dated by the U-Pb method to
obtain absolute time constraints on geological events associated with its formation and is generally
referred to as a geo-chronometer. It should be noted however that rutile formation ages, although rare,
can be preserved in the cores of large grains [29] and zircon can behave as a thermo-chronometer in
regions of the lithosphere cooling from ultra-high temperature conditions [73]. Of particular interest to
the Earth Sciences are studies aimed at estimating exhumation rates of deep-seated metamorphic and
plutonic rocks in active and ancient orogenic belts as well as long-duration cooling of cratonic lower
crust (e.g., [49,52–54,76,79,80,84–90]).
An increasing body of scientific evidence shows that, particularly under conditions of slow cooling,
rutile in bedrock samples typically records younger U-Pb dates than coexisting zircon (Section 3.2).
In light of the different significance of U-Pb dates in zircon and rutile, the conjunct application of the two
chronometers hence provides much more robust temporal and thermal constraints on geological events
and processes than when each chronometer is used alone, as further discussed in Sections 3.2 and 4.
3.2. Coupled Zircon–Rutile U-Pb Chronology Applied to Bedrock Studies
This section presents published U-Pb data of coexisting rutile and zircon from geological settings
variably characterized by very slow to very rapid cooling rates (summarized in Figure 4). The results
of these studies show the versatility and complementarity of coupled zircon-rutile U-Pb chronology in
helping to constrain lithospheric evolution.
Mezger et al. [46] determined by ID-TIMS concordant U-Pb dates in rutile from upper amphibolite
to granulite facies metapelites of the Archean Pikwitonei domain (Manitoba) and the Proterozoic
Adirondack terrane (New York). Within the same domain, U-Pb dates were significantly younger than
coexisting U-Pb dates of zircon, i.e., 2330–2430 (rutile) vs. 2598–2695 Ma (zircon) in the Pikwitonei
domain and 1005 (rutile) vs. 1155–1420 (zircon) and 1161 Ma (monazite) in the Adirondack domain
(Figure 4). Rutile dates were also younger than U-Pb dates for monazite and sphene as well as Ar-Ar
dates for hornblende, but older than Ar-Ar dates for biotite. The authors used the known nominal Tc
for these isotopic systems to estimate a time-integrated cooling rate for the Adirondack Highlands
of 1.5 ◦C/Myr between 1030 and 800 Ma and assigned values of Tc of 380 and 420 ◦C, respectively,
for rutile with diameters of 140–180 and 180–420 µm. These estimates were later upwards revised
to 500 and 540 ◦C by Vry and Baker [56] who also collected Pb-Pb ages (by LA MC-ICP-MS, using a
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spotsize of 300 µm) in rutile from granulite facies rocks of the Reynolds Range, Australia. These were
~1544 Ma, i.e., 30–50 Myr younger than coexisting monazite (1579–1601 Ma) and zircon overgrowths
(1596–1571 Ma). The cooling rate established for the Reynolds Range was ~3 ◦C/Myr.Geosciences 2019, 9, x FOR PEER REVIEW 10 of 29 
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the cratonic continental lithosphere beneath southern frica. Zircon discordia arrays in the sa e
sa ples had 2.9 to 2.7 a upper intercepts. onversely, in Proterozoic (1.1 to 1.0 a as deter ined
by zircon and onazite ages) granulite xenoliths fro the craton-bounding orogenic belts, rutile
defined discordia arrays ith eoproterozoic (0.8 to 0.6 a) upper intercepts and esozoic lo er
intercepts (Figure 4). In co bination ith coexisting titanite and apatite dates, Sch itz and Bo ring
interpreted the results as a record of post-orogenic cooling at an integrated rate of approximately
1 ◦C/Myr, and subsequent variable Pb loss in the apatite and rutile syste s during a esozoic ther al
perturbation. odeling of the diffusive Pb loss fro lo er crustal rutile constrained the te perature
and duration of such perturbation to be <550 ◦C for ca 50 kyr, thus indicating a protracted manifestation
of lithospheric heating likely related to mantle upwelling and rifting of Gondwana during the Late
Jurassic to Cretaceous rather than simply a kimberlite-related agmatic phenomenon.
Si ilar to the previous study, rutiles from minette-borne xenoliths (sampling the Archean lower
crust of the Medicine Hat Block in Montana) were used by Blackburn et al. [79,88] to constrain the
time-temperature evolution of a sector of the North American lithosphere. In gneissic xenoliths, rutile
was recognized to be part of the peak metamorphic assemblage corresponding to 0.8–1.3 GPa and
900 ◦C, hence grown at temperatures well above those of Pb retention in rutile. Zircon yielded dates
between 2.7 Ga and ~1.8 Ga (the latter being the timing of the main thermo-tectonic event in the region)
in agreement with previously published data. Single grain rutile analyses from three xenoliths sampled
at different lithospheric depths defined discordant curvilinear arrays compatible with a slow-cooling
model. The upper intercepts (at ~1.8, 1.5 and 1.0 Ga, respectively, for the shallowest to deepest sample)
ere interpreted to mark the timing each sample first entered the PRZ. Forward modeling of U-Pb
data showed that for cooling rates slower than 10 ◦C/Myr the effect of grain size causes a dispersion of
data along Concordia, with smaller grains yielding you ger dates, hile for rates of ~ 10 ◦C/Myr or
faster such differences do not occur. For cooling rates slower than ~0.25 ◦C/Myr (implying a long time
spent within the PRZ, as in the case study from Montana) U-Pb data not only are dispersed according
to grain sizes but yield extended discordant arrays highly asymptotic to Concordia. In the case of such
slow-cooling rates, this also results in a large apparent offset between the 206Pb/238U and 207Pb/235U
systems due to the higher production rate of 207Pb manifested in a relative excess in retained 207Pb.
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The U-Pb data presented by Blackburn et al. show that cooling of the Archean continental lithosphere
in the Montana study area occurred at rates <0.25 ◦C/Myr over ca. 1 Gyr.
Many studies have focused on the East Lake Athabasca region (Saskatchewan, Canada) spanning
the central segment of the Snowbird Tectonic Zone (a high amplitude gravity anomaly in the Canadian
Shield) and exposing a broad area of high P granulites. Work in the area documented the importance
of 1.9 Ga metamorphism and subsequent exhumation of deep-crustal rocks [92–94]. Zircon U-Pb
ID-TIMS data from East Lake Athabasca mafic and felsic granulites testify to a ~2.55 Ga high-pressure
granulite facies event (1.3 GPa, 850 ◦C) recorded by the dominant mineral assemblage, followed by
subsequent zircon recrystallization and minor secondary zircon growth during a second high-pressure
granulite facies event (1.0 GPa, 800 ◦C) at ~1.90 Ga [52,95]. Rutile from various domains of the East
Lake Athabasca region [52,85] yielded ID-TIMS U-Pb dates in the range 1.78–1.88 Ga (Figure 4). These
data were used along with titanite and apatite U-Pb data and Ar-Ar hornblende, biotite and muscovite
data to reconstruct a multi-stage exhumation of the lower continental crust in this sector of the western
Canadian Shield. The rutile reference material PCA-S207 (~1865 Ma [59]) was separated from a
granulite facies paragneiss from the Southern Domain of the East Lake Athabasca region.
Sugluk-4 rutile [59] was separated from a granulite facies quartzite from the Ungava segment
of the Trans-Hudson orogen of Canada, a Paleoproterozoic collisional belt formed between 2.0 and
1.8 Ga following the closure of the Manikewan Ocean [96,97]. The Ungava segment is a ~ 400 km long
belt which preserves metaplutonic and metasedimentary thrust sheets (the Narsajuaq arc and Cape
Smith belt). The metasedimentary rocks of the Sugluk Group reached peak granulite facies conditions
of ~7–8 kbar and >800 ◦C [98]. Turbiditic sedimentary rocks and the Sugluk-4 quartzite from this
location yielded an assemblage of detrital zircons ranging in age from 1832–1840 Ma (interpreted
as derived from the 1.82–1.84 Ga plutonic rocks of the Narsajuaq arc) as well as Archean zircons
(ID-TIMS U-Pb data [2,99]. Metamorphic overgrowths at 1825–1829 Ma on zircon cores older than
2230 Ma in a garnet-bearing orthogneiss recorded granulite facies metamorphism. A garnet-bearing
orthogneiss gave 1815–1820 Ma monazite and 1792 Ma xenotime suggesting a protracted period of
slow-cooling from high metamorphic grade to at least 1758 Ma, the age of igneous zircons from a
granitic dyke cross-cutting all the elements of the orogen. Within this context, the best estimate for the
age of Sugluk-4, 1719 ± 14 Ma (weighted average of ID-TIMS data [59]), testifies to the slow cooling of
the Ungava terrane (Figure 4). The intra- and inter-grain age variation of Sugluk-4, with a long-term
reproducibility only modestly worse than long-term data for zircon reference materials, reflect real
geological scatter caused by slow cooling-related diffusion.
In contrast to the cases of slow-cooled terranes presented so far, the easternmost syntaxial
termination of the Himalayan orogen provides a striking example of extremely rapid cooling and
exhumation within the India-Asia collision geodynamic framework (Figure 5a).
The eastern Himalayan syntaxis is characterized by exceptionally young (from 10 to <1 Ma)
mineral growth and cooling ages of different isotopic systems (e.g., [100–107]). These document
Late Miocene to Pleistocene structural, metamorphic, igneous and exhumation events related to the
development of the Namche Barwa syntaxial antiform and its rapid exhumation and erosion, which
have generated wide interest and debate amongst the Earth Science community with a large number
of published studies (see [84,106] for a review). Within the Indian plate of the syntaxis are high-grade
metamorphic rocks, locally at granulite facies. A volumetrically-limited melt production in response
to partial melting during decompression is recorded by <10 Ma zircon U–Pb dates of granitic dykes
and leucosomes occurring in the Namche Barwa–Gyala Peri massif. The timing of emplacement of
these granitic melts overlaps the ~5–8 Ma U–Th–Pb dates of monazites separated from the matrix
of metapelitic rocks. U–Pb titanite dates from the core of the syntaxis are 4.9 ± 3.9 and 2.8 ± 1.4 Ma,
Ar-Ar biotite dates are as young as ~1 Ma, fission track zircon and apatite dates and (U-Th)/He zircon
dates are as young as <1 Ma. U-Pb rutile data from granulite facies metapelites in the Namche Barwa
massif and detrital rutile in the modern detritus eroded from the syntaxis were respectively 1.4 Ma and
~0.5 Ma, indicating that rocks within the core of the syntaxis were at ~600 ◦C only 1–2 Myr ago [84].
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In the latter sample, detrital Ar-Ar white mica peaked at ~0.4 Ma. The thermochronology data were
used by Bracciali et al. [84] in a numerical model of heat flow and erosion to model the path of rocks
from peak metamorphic conditions of ~800 ◦C to <250 ◦C. The results supported the interpretation
that exhumation of the north-easternmost part of the syntaxis occurred in the Pleistocene at rates of at
least 4 km/Myr, with bedrock erosion of 12–21 km during the last 3 Ma [84].Geosciences 2019, 9, x FOR PEER REVIEW 12 of 29 
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Figure 5. (a) Main geographic elements of the Himalayan-Tibet region superimposed on a Google
Earth image. Inset shows the location of the region in Eastern Asia. The boxed area corresponds to (b).
The dashed turquoise curve outlines the combined Ganges-Brahmaputra drainage basin contributing
to the Bengal fan sediments. Solid whi e lines are post-Paleocene Be al Fan t ickness contours in km
from [108]. (b) Schematic geological map of the Eastern Himalayan-Indo-Burma region showi g the
Asian, Indian, Burma and Sunda Plates and their main tectonic boundaries. The India–Asia suture
separates the Lhasa Terrane from the Indian Plate to the south. This includes the Himalayan Orogen,
the Indian Craton and the Bengal Basin sediments. The Indo-Burman Ranges marks the boundary
between the Indian and Burma plates. The red box corresponds to map of Figure 6a. Numbered
circles indicate location of (surface outcrop or sub-surface) stratigraphic sections from: (1) Surma
Basin [42,84]; (2) Himalayan foreland (Siwalik Group, Dungsam Chu section [109]); (3, 4) Central
Myanmar Basin [110]; and (5, 6) Bengal Fan (IODP Expedition 354 [108,111]. U-Pb zircon and rutile
data from these studies are presented in Figures 8–11.
Detrital data indicate that rutile U-Pb dates near the western side of the southern syntaxis are
≥9 Ma [84] as further detailed in Section 4. Accordingly, U–Pb analyses of rutile which grew at or close to
peak temperature conditions in granulites and amphibolites from juxtaposed litho-tectonostratigraphic
units within the Greater Himalayan Sequence (GHS) of NW Bhutan yielded LA MC-ICP-MS U–Pb
lower intercept cooling ages of ~10–11 Ma [112]. The numerical diffusion modeling of these data
suggests rapid cooling from peak temperature conditio s of ~800 ◦C at 14 Ma (constrained by U-Pb
mon zite data) in the granulite-bearing unit and ~650 ◦C at 12 Ma in the amphibolite-bearing unit.
Zack et al. [28], Smye and Stockli [80], Ewing et al. [83] and Smye et al. [89] U-Pb dated rutile
from the Ivrea–Verbano Zone (IVZ), northern Italy ([29], and references therein). The IVZ exposes
an attenuated section through the Permian lower crust that records high-temperature Cambrian
metamorphism under lower crustal conditions, Permian magmatism (Mafic Complex, ca. 288 Ma),
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Jurassic opening of the Alpine Tethys ocean (starting at ~182 Ma) and subsequent mantle exhumation
and eventually exhumation during the Alpine orogeny [113]. Regional granulite facies metamorphism
is constrained by U–Pb zircon geochronology to between 295 Ma and 319 Ma [114,115] and peak
metamorphic conditions for the granulite facies metasediments to 770–940 ◦C and 6–10 kbar. Rutile
formation is attributed to the break-down of biotite in granulite-facies paragneisses. Zr-in-rutile
temperatures of 750–800 ◦C, with a thermal maximum of >900 ◦C, demonstrate that rutile formed
during Variscan granulite facies conditions [115].
LA ICP-MS depth profiling analysis of unpolished rutile grains (up to 0.5 mm wide) from granulite
facies metapelites from Val d’Ossola revealed monotonically increasing 206Pb/238U dates from 140 Ma
to 180–190 Ma over the outer ∼15 µm after which no further age increase was observed [80]. Single
spot ages measured between 20 µm and 100 µm from the visible edges of polished grains yield a
weighted average of 184 ± 4 Ma, within uncertainty of both the plateau age of the depth profile
and the (LA quadrupole-ICP-MS) pooled age of 181 ± 4 Ma obtained for large rutiles from the Val
d’Ossola [28]. Smye et al. argued that the preservation of ∼180–190 Ma plateau ages within 15 µm of
rutile grain edges and the results of a numerical model inverting the 206Pb/238U age profiles required
rapid cooling through the Pb PRZ (from >650 ◦C) during the early Jurassic, thus challenging the
traditionally-accepted slow-cooling history of the IVZ at rates <5 ◦C/Myr since ~288 Ma.
Ewing et al. [83] determined U-Pb dates of rutile from granulite facies metapelites from the base
of the IVZ (by SIMS) and identified in the scattered 206Pb/238U date distributions of their samples two
main peaks at ~175 and ~160 Ma. The additional U-Pb rutile data of Smye et al. [89] from the lower
crust of the IVZ (average of 180 ± 22 Ma, 2s) are consistent with the previously published data.
Combined, all the U-Pb data from the lower crustal section of the IVZ (spanning paleo-depths
from ~34 to 24 km as derived from peak metamorphic P estimates; Figure 4 of Smye et al. [89]) are
~100 Myr younger than the age of the high-T regional metamorphism and testify to cooling of the
lowermost portion of the IVZ from temperatures exceeding 600 ◦C around 180 Ma.
4. Coupled U-Pb Zircon-Rutile Dating Applied to Sediment Provenance in the Eastern
Himalayan-Indo-Burman Region
Dating techniques are widely applied to provenance studies in order to discriminate between
potential source areas, to track the evolution of river drainage basins, to assess sediment budgets and
erosion patterns across orogens and to infer feedback relationships between erosion, tectonics and
climate. The Himalayan orogen (together with its sink represented by the deep-sea Bengal Fan) with
its scale, ongoing deformation and erosion, is the ideal laboratory for the application of the full range
of available thermo- and geo-chronometers (e.g., [101,106,116–123]).
It is only in recent years that U-Pb dating of detrital rutile has been employed in multi-technique
provenance studies of Eastern Himalayan- and Indo-Burman- derived sediments [42,84,109–111].
In this section, modern sediment and bedrock detrital rutile U-Pb data from these studies are
summarized and compared to zircon data determined on the same samples to show the ability of
the coupled U-Pb zircon-rutile provenance proxy of tracking multiple thermal events in the sediment
source areas.
4.1. The Tibet-Himalaya-Indo-Burman Region
The Himalayan orogen is the result of ongoing collision between the Indian and Asian plates [124],
with onset of the continental collision dated at ca. 59–54 Ma [125,126]. The western and eastern syntaxial
orogenic bends of the Himalaya (Figure 5a) manifest the progressive indentation of Indian lithosphere
into Asia. The boundary between the Asian and Indian plates is marked by the Indus-Yarlung Tsangpo
Suture Zone (Figure 5b). North and south of the suture, respectively, lie the Lhasa Terrane in the
Asian plate (intruded by the Jurassic–Paleogene Transhimalayan Andean-type continental arc) and
the Tethyan Himalaya (TH, Paleozoic–Eocene sedimentary succession deposited on the northern
passive margin of India). The South Tibetan Detachment zone (STD) separates the TH from the Greater
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Himalaya (GH, mostly Neoproterozoic metasedimentary rocks at amphibolite to granulite facies).
The Main Central Thrust (MCT) separates the latter from the Lesser Himalaya (LH, mostly Precambrian
to Paleozoic unmetamorphosed or low-grade Indian crust material). The Main Boundary Thrust (MBT)
separates the LH from the foreland basin (Siwalik Group).
The Indo-Burman Ranges (IBR, Figure 5b) is a Cenozoic accretionary prism developed in response
to the oblique subduction of the Indian Plate under the Burmese active margin, with Paleogene rocks
predominantly derived from the Burmese margin to the east, and Neogene rocks considered to be
off−scraped from the Bengal Fan [127–129]. The IBR is bounded to the east by the Central Myanmar
Basin (CMB), a predominantly Cenozoic forearc-backarc basin, split by the Western Myanmar Arc
(WMA) which is largely buried beneath sedimentary rocks. The CMB is bounded to the east by the
Sagaing Fault and the adjacent Mogok Metamorphic Belt to its east (MMB, comprised of low- to
high-grade metamorphic rocks, metamorphosed and subsequently exhumed between the Eocene and
Early Miocene).
The main drainage of the region is the Himalayan-sourced Ganges-Brahmaputra River system
which together with the deep-sea Bengal Fan represents the Earth’s largest modern-day source-to-sink
sediment-dispersal system, with a drainage basin area of >2 × 106 km2 (Figure 5a) including much
of the high-relief Himalaya and the southern Tibetan Plateau ([108] and references therein). In the
Eastern Himalayan region, the Brahmaputra originates in Tibet as the Yarlung Tsangpo River, which
flows eastwards along the India–Asia suture zone, and crosses the Namche Barwa massif of the eastern
Himalayan syntaxis where it bends sharply south. After crossing the Himalaya as the Siang River,
it finally flows as the Brahmaputra River to the Bengal plains where it joins the Ganges River before
emptying into the Bay of Bengal (Figure 5b). Current erosion rates averaged over the area of the entire
Brahmaputra catchment are estimated to be ~2.9 mm/year [130].
4.2. Modern U-Pb Zircon-Rutile Chronology of Eastern Himalayan-Tibet Drainages
The available U-Pb zircon and rutile data of modern river sand samples from the Yarlung
Tsangpo-Brahmaputra River and its tributaries draining the Eastern Himalayan region are presented
in Figure 6. The data are plotted as cumulative age distribution diagrams [131]. The reader is referred
to [42,84] for Concordia diagrams and relative probability-frequency plots of the same data.
The detrital zircon populations of tributaries draining the southern Lhasa Terrane (Lhasa and
Niyang Rivers, samples a1 and a4; Figure 6b,c) are dominated by a large proportion of 50–70 Ma zircons
derived from the Gangdese Batholith of the Jurassic-Paleogene Transhimalayan Arc (Figure 4 of [42]).
The youngest rutile grains in the same samples are 18 and 55 Ma. The Nyiang River is dominated by a
100–200 Ma rutile population, testifying to a cooling event (possibly following a metamorphic overprint)
occurred within the southeastern Lhasa basement. Zircon and rutile of Cretaceous–Paleogene age
appear to have been derived from originally distinct sources in both samples since rutile grains are
systematically older than zircon grains within this age interval. A prominent 500–600 Ma rutile
population is identified in the Lhasa tributary (a4) and also in the main trunk of the Yarlung Tsangpo
upstream of the syntaxis at two locations >200 km apart from each other (Y and W in Figure 6a,n),
supporting the occurrence of a major source with this cooling age signature in the southern Lhasa
Terrane. A rutile population of similar age (500–550 Ma) occurs in the modern Dhansiri River that
drains the IBR (sample b7; Figure 6m). The Yarlung Tsangpo rutile samples upstream of the syntaxis
(Y and W; youngest grains respectively ~12 and 8 Ma) exhibit two strikingly similar patterns also in
terms of the <50 Ma population, with 10–20 Ma rutiles possibly derived from Himalayan sources south
of the suture or from Lhasa magmatism.
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All tributaries draining the Himalayan slopes south of the India-Asia suture (i.e., draining TH and
GH rocks [123]) exhibit a ~500 Ma zircon age population (Figure 6d–l) that characterizes Indian-derived
sediments and corresponds to the intrusion of late “Pan-African” granites [132]. In these samples,
the 50–70 Ma population that is distinctive of the Gangdese Batholith in the Asian plate is lacking
and ~15–30 Ma zircon rims (up to 30% of the sample) testify to Cenozoic Himalayan metamorphism
affecting GH [84]. Rutile in the same samples is dominated by late Miocene ages (youngest grains:
~9–13 Ma), with some older components as old as Paleozoic probably derived from Tethyan sedimentary
sources. Such ~9–15 Ma rutile age signature testifies to the exhumation of GH following Himalayan
metamorphism and is minor in the Yarlung Tsangpo upstream of the syntaxis but prominent in the
Siang and Brahmaputra at locations S and Z (Figure 6a,o,p) receiving the contribution of tributaries
draining the southern slopes of the Himalayan orogen dominated by GH. As previously mentioned
(Section 3.2), Warren et al. [112] suggested that 10–11 Ma rutiles from granulite and amphibolite facies
GH rocks constrain the timing of rapid cooling from peak T conditions of ~800 ◦C at 14 Ma and ~650 ◦C
at 12 Ma in the granulites and amphibolites, respectively.
Both S and Z samples exhibit a very young (approximately <4 Ma) rutile age component. which is
distinctive of detritus eroded from the eastern syntaxis (cf. the ~1.4 Ma bedrock rutile from the Namche
Barwa massif at the core of the syntaxial antiform, Section 3.2; Figure 7). The 50–70 Ma Gangdese
Batholith zircon source and the “Pan-African” (~500 Ma) Indian component are also recognized in the
two Brahmaputra samples S and Z. The comparison of samples W, S and Z constrains the evolution of the
downstream signature along the main trunk of the Yarlung Tsangpo-Brahmaputra, with enhancement
of the GH signature in sample S and the appearance of a ~30% syntaxial component (<3 Ma). The latter,
although reduced to ~10%, is still preserved in sample Z several 100s km downstream.
These modern detrital data highlight the ability of the U-Pb rutile chronometer in tracking sources
at the regional scale, such as the 500–600 Ma source in the Lhasa Terrane, the 9–15 Ma Greater Himalaya
source and the <3 Ma eastern syntaxis source. The cooling age signature of each source is readily
identifiable and distinct from the zircon U-Pb signature in the same sample. It is important to bear in
mind that in general this could reflect, in addition to the different Pb retentivity behavior of zircon
vs. rutile in the same rock source (as pointed out for bedrock samples, see Section 3.2 and Figure 4),
also derivation of zircon and rutile grains in each sample from distinct sources that do not bear both
minerals as accessory phases (as it is most likely the case of samples a1 and a4, Figure 6b,c). In this
latter sense, coupling the two chronometers enhances the possibility of identifying a wider range of
sources hence more accurately determining the provenance of the sediment.
In Figure 7, composite samples representing the modern detrital chronology of the entire
Brahmaputra drainage basin (main river trunk and tributaries) are compared to the typical age
signature of the main bedrock sources known in the Himalayan-Indo-Burman region. In addition to
U-Pb zircon and rutile data, Ar-Ar white mica data are plotted (see figure caption for data sources).
White mica is a lower-T thermochronometer, which is retentive of radiogenic Ar below ~400 ◦C ([133]
and references therein). The overall younger age signature of detrital white mica from the Brahmaputra
drainage basin (Figure 7a) primarily reflects the different response to cooling of the Ar-Ar chronometer
compared to rutile and highlights its complementarity in tracking the same (or distinct) tectono-thermal
events in the bedrock sources. As mentioned in Section 3.2, one of the best examples of how various
geo- and thermo-chronometers altogether sensitive to T in excess of 800 ◦C down to approximately
<100 ◦C respond differently to the same thermal event(s) is provided by the rapidly exhuming core of
the eastern Himalayan syntaxis (ES in Figure 7b; see summary Figure 2 of [84], [107] and references
therein). Strikingly, the unique isotopic signature of the ES source, comprising an area of only ca.
40 km by 40 km, i.e., <0.5% of the entire Brahmaputra drainage basin (~580,000 km2 [130]) is preserved
even in the composite samples of Figure 7.
The many published multi-chronometer provenance studies carried out in the
Himalayan-Indo-Burman region and other regions similarly characterized by a complex orogenic
evolution encourage the combined application of multiple chronometers to resolve the full range of
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tectono-thermal events that affected the source rocks (e.g., [134]). Detrital U-Pb thermochronology can
certainly play a key role in this context, as shown by the case studies presented in the next section.Geosciences 2019, 9, x FOR PEER REVIEW 17 of 29 
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approximately <10 (zircon), 4 (rutile) and 2 Ma (white mica) are unique to the core of the eastern
syntaxial antiform (ES) [84,106,137]. Star labeled NB indicates the ~1.4 Ma rutile from the Namche
Barwa massif [84]. The Himalayan metamorphic peak is identified by ~15–40 Ma zircons [138], typically
occurring as overgrowths on older zircons [42]. Circa 9–15 Ma rutiles and white micas in the same age
range (but also as young as 3–6 Ma) likely testify to cooling following exhumation of Greater Himalayan
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as 10–15 Ma [139–145]; note the 50–70 Ma detrital zircon population of the Brahmaputra sourced by the
Gangdese Batholith (GB) [42]. Prominent pre-Himalayan rutile sources to the Brahmaputra detritus
(e.g. in the range 100–200 Ma) are yet to be identified due to the lack of U-Pb rutile bedrock data in this
region. Interestingly, 400–600 Ma rutile occurs in modern detritus eroded from both Lhasa and Burma.
Late Pan-African (PA, ~500 Ma) and older detrital zircon populations can derive from Himalayan
(i.e., Indian-derived sediments), Asian (Lhasa) or Burma bedrock sources. Erosion of Greater and
Tethyan Himalayan (TH) units typically produces detrital zircon age distributions with main peaks at
~0.5 and 0.8–1.2 Ga, while in Lesser Himalayan (LH) detritus the dominant U–Pb zircon age range is
1.7–2.0 Ga ([119,123] and references therein).
4.3. Coupled U-Pb Zircon-Rutile Chronology Applied to Cenozoic Himalayan-Indo-Burman Sediment Repositories
This section pr se ts xamples of applications of the coupled zirc n-rutile U-Pb provenance
proxy in multi-technique de rital studies aimed t unravelling tectonic-erosion coupling, drai age and
orogen evolution in the Himalayan-Tibet and Indo-Burman regi ns. The e hasis here is on U-Pb
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chronology of zircon and rutile, hence the other thermo-chronometers employed in the cited studies
(e.g., zircon fission track, Ar-Ar white mica, U-Pb apatite dating) are omitted. Additionally, only a
few key samples (out of the many investigated by the authors) are plotted in the following figures
to highlight the complementary significance of the zircon and rutile U-Pb chronometers employed
as provenance proxies. The reader is referred to the original publications for full context and results,
as well as detailed references for the study areas, which is beyond the aims of this work to present in
detail here.
Bracciali et al. [42] addressed the long-debated occurrence and timing of river capture of the
Yarlung Tsangpo by the Brahmaputra River by investigating the paleo-Brahmaputra deposits in the
Surma Basin. The Surma Basin, a sub-basin of the Bengal Basin in north-eastern Bangladesh (location 1
in Figure 5b), is comprised of a 16 km thick Eocene–Pleistocene sedimentary package of limestone
and clastic rocks. Most of the Bengal Basin fill consists of sediments fluvially transported by the
Ganges and Brahmaputra and their ancestral river systems. Bracciali and co-authors documented the
arrival of Cretaceous–Paleogene zircons in Early Miocene sediments of the paleo-Brahmaputra River
(sample BA03-13A in Figure 8, corresponding to sample 8 in Figure 2 of [42]). This was interpreted as
first influx of detritus from the Transhimalayan arc of the Asian plate (cf. the modern detrital zircon
signature of rivers draining the southern Lhasa terrane of the Asian plate, Figure 6b,c) transported by
the Yarlung Tsangpo following its capture by the Brahmaputra. Prior to capture, the predominantly
Precambrian–Paleozoic U-Pb zircon signature in the older Surma Basin sedimentary record (not shown
in Figure 8) indicated that only the Indian plate was drained. Contemporaneous with Transhimalayan
influx, the Surma Basin recorded progressively increased erosion of the metamorphosed core of the
Himalyan orogen as testified by increasing proportion and younging upsection of Cenozoic detrital
rutiles and zircons (e.g., samples LBA-5a and -15a in Figure 8, corresponding to samples 24 and 34
in [42]).
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Govin et al. [109] used the sedimentary record of the Himalayan foreland basin north of the
Shillong Plateau to test a potential diversion of the paleo-Brahmaputra river course (and its timing) as
a consequence of the topographic growth of the Shillong Plateau (an uplifted block of Precambrian
Indian plate basement, partially overlain by Cretaceous and Cenozoic sediments, Figure 5b). The study
reported detrital zircon U-Pb data from the Dungsam Chu stratigraphic section (Siwalik Group) in
Bhutan, located directly north of the Shillong Plateau (location 2 in Figure 5b).
The first appearance in a Pliocene sandstone sample (SJ8, Figure 9) of Cretaceous–Cenozoic grains
derived from the Transhimalaya (absent in stratigraphically older samples and present in samples
younger than SJ8, not shown in Figure 9) was interpreted to show redirection of the Brahmaputra River
north and west of the plateau as a consequence of the surface uplift of the plateau. Rutile U-Pb dating
of the same sample returned ~25% of the grains <9 Ma interpreted as derived from the erosion of the
eastern syntaxis, hence supporting the interpretation of the Brahmaputra flowing in the Himalayan
foreland at Dungsam Chu by ~5 Ma, the timing of the deposition of sample SJ8.
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Zhang et al. [110] U-Pb dated drillcore and outcrop sandstone samples from the Central Myanmar
Basin (locations 3 and 4 in Figure 5b) to test a potential connection between the Yarlung Tsangpo
and the Irrawaddy River (which today flows through the CMB) prior to the Early Miocene, since
when the Yarlung Tsangpo is known to have flown into the Bengal Basin following capture by the
Brahmaputra [42].
All detrital zircon samples in Zhang et al.’s study are dominated by Mesozoic–Cenozoic grains,
with a ~80–100 Ma population prominent in Paleocene−Eocene samples (e.g., samples Y3-81 and
MY16-64A in Figure 10), less prominent in Oligocene samples and subordinate by Miocene times when
a ~50–75 Ma population becomes dominant (e.g., samples Y3-13 and MY16-56A in Figure 10).
Paleocene−Eocene detrital rutile samples yield main populations between ~400 and 600 Ma,
presumably derived from the Burmese basement. A modest contribution of rutile grains between 40
and 80 Ma is recorded in the middle Oligocene surface outcrop samples, with a ~40 Ma population
dominating by the time of deposition of the subsurface upper Oligocene sample and in the rest of the
overlying succession. These ~40 Ma rutiles are interpreted as derived from the erosion of the exhumed
Mogok Metamorphic Belt to the east of the Sagaing fault. A positive εHf signature determined for the
Mesozoic–Cenozoic detrital zircons in the rocks of Eocene age and older is interpreted to be derived
from a local igneous source, likely the Western Myanmar Arc. In contrast, Miocene samples include a
substantial additional population of grains with negative εHf values, compatible with derivation from
the Eastern Batholiths (typically εHf < 0) rather than from the Gangdese Batholith of the Transhimalaya
(typically εHf > 0). Such a change in provenance between the Eocene and the Miocene was interpreted
in terms of the MMB and Eastern Batholiths becoming a significant new source region providing
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detritus to the CMB through establishment of a paleo–Irrawaddy trunk river by middle Oligocene times,
without requiring a paleo Yarlung Tsangpo-Irrawaddy connection (Figure 21 of Zhang et al. [110]).Geosciences 2019, 9, x FOR PEER REVIEW 20 of 29 
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In 2015, the IODP expedition 354 drilled seven sites along a proximal (◦8N) east-west transect
in the Bay of Bengal (Figure 5a) covering the Lat Paleogene to present sediment tion of the B ngal
Fan [146]. The Bengal Fan covers the entire floor of the Bay f B ngal, fro the continental margins of
India and a ladesh t the sediment-filled Sunda Trench off Myanmar and the And man Islands.
An estimated 30% of the total modern sediment load feeding the delta pl in i India a Bangladesh is
derived from the Ganges and up to 70% from the Brahmaputra [108].
Strikingly, after up to 2500 km of fluvial transport nd >1400 km of transport by turbidity
currents, the U-Pb record recovered fr m Miocene to middle Pleistocene Bengal Fan tur idites [108]
faithfully represents Himalayan sources (Figure 11). The main zircon populations include the ~ 500 Ma
peak typical of GH and TH as well as older zircons (Figure 11; f. the Brahmaputra signature in
Figur s 6 and 7). Mesozoic and Cenozoic populations with broad peaks at ca. 50–60 and 110–130 Ma
(consistent with derivation from the Transhim laya of the Lh sa Terrane) increase up-section and
include a minor popul i of ~15–40 M zircon grains lik ly testifying to the Himalayan high gr de
metamorphism and leuc granites or Lhasa ma mati m ([108]; cf. Figure 7b). Importantly, in th
Bengal Fan, Transhimalayan zircons have been found from the base of the fan, dated at 18 Ma at
that location [108], consiste t with an esta lished Yarlung Tsangpo–Bra maputr connection by
time [42].
Similar to the zircon data, the rutile U-Pb data in Bengal Fan sediments younger than 10 Ma [111]
track the erosi n of Himalay n sources, such as the ~500–600 Ma sourc (identified in modern detritus
eroded from th Lhasa terrane, Figure 6b, but also present in the modern Dhans ri River raining the
IBR, Figure 6m) o the 10–15 M GH source (Figures 6d–l and 7).
The first appearance of lag times (i.e., the difference betw en the mineral cooling age and the
host sediment depositional age) of <1 Myr occurs in a sample with depositional age between 3.76 and
3.47 Ma. The next analyzed sample stratigraphically below, with a depositional age between 4.50 and
5.59 Ma, exhibits lag times of >6 Myr. The short (<1 Myr) lag times (also observed in zircon fission
track data) continue to be recorded upward in the core to the youngest sediments analyzed, deposited
at <1 Ma (Figure 11, cf. the modern Siang signature in Figure 6o). Najman et al. [111] interpreted the
earliest record of short lag times to represent the onset of extremely rapid exhumation of the Eastern
Himalayan syntaxial massif starting sometime between 5.59 and 3.47 Ma.
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5. Conclusions and Future Directions
The availability of good quality rutile reference materials and the development of strategies to
address the generally lower average U concentrations in rutile compared to zircon (hence, measurable
radiogenic Pb) and to correct—when necessary—rutile grains for common Pb encourage U-Pb dating
of rutile by LA ICP-MS.
The application of this technique benefits from a better understanding, developed in the last
decade, of the natural processes affecting the U-Pb systematics of rutile, primarily thermally-activated
Pb volume diffusion but also re-crystallization and secondary growth (during metamorphism) and/or
the presence of grain boundary fluids of variable chemical composition.
The chemical and mechanical robustness of rutile and zircon and their occurrence as accessory
phas s in a w de ran e of crustal ocks mak s both minerals ideal provenance proxies. The first
applications of rutile U-Pb chronology coupled o z rcon U-Pb chronology (and other thermo- and
geochronometers) to prove ance studies in t Eastern Himalayan-Indo-Burman region [42,84,109–111]
have proven the effectiveness of the coupled provenance proxy in tracking tectono-thermal events in the
sourc reas acr ss a wide range of tempera ures, from medi m- to high-T ign ous an metamorphic
rystallization to coo ing through ~600 ◦C. T is approach is key to cha acterize detritus sou ced from
areas with complex poly-phase metamorphic histories such as collisional orogens.
Another thermochronom ter in which v lume diff sion of Pb occurs at temperatures relevant to
the evolution of the middle and ower crust is apa it , which tracks cooling through ~375–550 ◦C [147].
However, elevated common Pb (which is typically divalent [148]) is bserved in apatite compared
to ru le, likely due to preferential substitution into the apatite crystal lattice f common Pb2+ for
Ca2+, with radiogenic Pb (typically tetravalent) presumably hosted interstitially or i defects [149],
hence mo e subject to diffusion out of the lattice. As poi ted out by Najman et al. [111], the high
common to radiogenic Pb ratio in apatite results in high age uncertainty especially in young grains
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(e.g., absolute age uncertainty up to 50% for 10–100 Ma apatites). This is interpreted to be the most
likely cause for apatite grains with short (<1 Myr) lag times not being observed in the Bengal Fan
samples or in syntaxially-derived modern river sediment, in contrast to rutile. Hence, the apatite U-Pb
thermochronometer is suited to record Himalayan sources but not syntaxial exhumation [111].
A thorough characterization of the U-Pb rutile signature of bedrock sources in the
Tibet-Himalaya-Burma region is currently limited and primarily based on U-Pb dating of modern river
sands. An effort in this direction from the U-Pb LA ICP-MS community is highly desirable and will
certainly facilitate the interpretation of provenance data in the future.
Finally, the current level of precision achieved by LA ICP-MS rutile dating is limited by the natural
scatter in the isotopic ratios of the reference material used for normalization purposes, and by the
accuracy and precision to which such material is known. Further investigation of the pattern and causes
for the natural U/Pb variability observed in the rutiles currently used as primary reference materials
and the identification and age characterization (by ID-TIMS) of the most isotopically homogeneous
domains within these rutiles (or new candidate reference materials) could result in the refinement of
the isotopic values used for normalization of the LA ICP-MS data, in a similar way to that which has
been done in recent years for zircon reference materials (e.g., [14]). Consequently, this would improve
the precision hence the quality of the sample U-Pb data, which in turn would allow deriving more
robust time constraints on geological events and processes.
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